Electron beams can acquire designed phase modulations by passing through nanostructured material phase plates. These phase modulations enable electron wavefront shaping and benefit electron microscopy, spectroscopy, lithography, and interferometry. However, in the fabrication of electron phase plates, the typically used focused-ion-beam-milling method limits the fabrication throughput and hence the active area of the phase plates. Here, we fabricated large-area electron phase plates with electron-beam lithography and reactive-ion-etching. The phase plates are characterized by electron diffraction in transmission electron microscopes with various electron energies, as well as diffractive imaging in a scanning electron microscope. We found the phase plates could produce a null in the center of the bright-field based on coherent interference of diffractive beams. Our work adds capabilities to the fabrication of electron phase plates. The nullification of the direct beam and the tunable diffraction efficiency demonstrated here also paves the way towards novel dark-field electron-microscopy techniques and tunable electron phase plates.
3 structures. Aside from electron phase plates, these nano-patterned membrane structures could also find a wide range of applications including diffractive elements for atoms 10 , molecules 11 , and Xrays 12 , nanophotonic devices based on photonic crystals 13 , separation processes based on nanoporous membranes 14 , and nanopore single molecule sensing 15 .
We have also observed that, for certain electron energy and hence its wavelength, the diffractive phase plates produce a null in the center of the bright-field based on coherent interference of diffractive beams, which could be considered as an inverse process of the Arago-Poisson spot with electrons 16 . The phase plates that use coherent interference to nullify the central beam could increase the image intensity, boost the signal-to-noise ratio, and improve the contrast in dark-field electron-microscopy techniques. For instance, dark-field imaging and holography techniques have been used to analyze strain and defects in crystalline samples 17, 18 , and to improve the image contrast in scanning transmission electron microscopy 19 . With the help of grating phase plates that diffract the incident beam and nullify the direct beam, this analysis could be performed in the bright-field with less aberration, higher image intensity, and higher signal-to-noise ratio.
Additionally, no sample tilt or central beam stop would be required. Moreover, the phase plates create two-dimensional electron diffraction patterns with a null in the center (annular-shaped electron beam). This beam-shaping capability is similar to the holographic vortex-beam generation 1, 3 , except that only the direct beam instead of a diffracted beam is needed. The shaped electron beam could be used as a probe that effectively performs hollow-cone (or multi-beam-tilt) dark-field illumination, which improves the spatial resolution 20, 21 , increases the image contrast 22, 23 , suppresses the phase-contrast noise 24 , and potentially outruns radiation damage in imaging biological samples 25 . 4 In this work, we consider a simple mesh phase plate as schematically illustrated in Figure   1 . The mesh consists of a two-dimensional array of nano-holes patterned in a thin membrane. This mesh phase plate is essentially a two-dimensional grating for electron beams. An electron beam passing through the phase plate will be diffracted into multiple diffraction orders, with the direct beam (blue) and first-order diffracted beams (red) highlighted in Figure 1 . The greyscale image at the bottom of Figure 1 is an experimental electron diffraction pattern from a nanofabricated mesh phase plate measured in a transmission electron microscope. The mesh phase plates were fabricated using electron-beam lithography and a reactive-ionetching process (Figure 2a ). We started from a silicon nitride membrane TEM grid (SiMPore Inc.) with 10 nm nominal membrane thickness. Electron-beam lithography was used to define the mesh pattern in the spin-coated poly(methyl methacrylate) (PMMA) thin film, a positive-tone electronbeam resist. The pattern was then transferred into the silicon nitride membrane via reactive-ionetching to make through-holes in the membrane. After resist stripping, a metallic (gold or aluminum) film was evaporated onto the sample. The purpose of the metallization is twofold: (i) the metal film reduces charging effects in the electron-beam imaging and diffraction experiments;
and (ii) this additional film gives us the ability to control the electron phase shift by varying the film composition and thickness. A more detailed description of the fabrication process can be found in the Methods section. Figure S1 illustrates the function of the supporting bars). These supporting bars divide the nano-hole mesh into 5-μm-by-5-μm square regions. The patterned mesh covers a total area of 100-μm-by-100-μm on the membrane. We also fabricated nanostructured membranes with line grating patterns. However, for membrane gratings, the grating lines with a high aspect ratio tended to stick together, making it difficult to fabricate large area phase plates ( Figure S2 ). The mesh phase plates were free from this issue ( Figure S3 ). 7 The nanostructured electron phase plate was characterized with electron diffraction measurement using 200 keV electrons (JEOL 2010F TEM). Figure 3 shows the electron diffraction pattern as well as the high-dispersion electron diffraction pattern from the nanostructured mesh phase plate. A typical polycrystalline electron diffraction pattern was observed, with a central direct beam and several concentric rings. This diffraction pattern arose from the evaporated polycrystalline gold film. Given the pitch of the mesh nanostructure (50 nm) and the wavelength of 200 keV electrons (2.5 pm), the diffracted beams from the mesh phase plate should have a small angle (~50 μrad) and be located very close to the direct beam (~0.02 nm -1 ). In order to observe the diffraction from the mesh phase plate, a high-dispersion electron diffraction pattern was taken (inset of Figure 3 ) in the low-magnification mode where the TEM objective lens was turned off.
In the high-dispersion electron diffraction pattern, a square lattice of diffraction spots was observed in the reciprocal space, corresponding to the mesh nanostructure in the real space. The diffraction spots were labelled according to crystallography conventions. The distance between the diffraction spots (0.02 nm -1 ) was also commensurate with the pitch (50 nm) of the mesh phase plate. The periodic mesh nanostructure can be considered as an "artificial crystal" that produces an electron diffraction pattern with a well-defined lattice structure. Changing the phase profile of a phase plate can modify its diffraction pattern. We changed the phase profile of the mesh phase plate by adjusting the electron-beam energy, thus modulating the intensities of different diffraction orders. The electron diffraction experiment was conducted in a TEM (FEI Tecnai G2) with its beam energy adjustable from 20 keV to 120 keV. Figure 4   9 shows the TEM image of the mesh phase plate and its selected-area electron diffraction patterns at various electron-beam energies. A selected-area aperture selected a region on the mesh phase plate without supporting bars so that the diffraction came from only the mesh structure. In the diffraction patterns, the zeroth ({000}), first ({100}), and second ({110}) diffraction orders are most visible. The diffraction efficiency, namely the relative intensity of different diffraction orders, was modulated by the beam energy. The diffraction efficiency modulation was most obvious in the diffraction pattern from 60 keV electrons, where the direct beam was suppressed compared to first-order and second-order diffracted beams ( Figure 4c ). The modulation of diffraction intensities by changing the beam energy (and hence the phase shift) is analogous to oscillations of diffraction intensities with sample thickness (and hence the phase shift) in crystal diffraction. We interpret this diffraction intensity modulation as an effective Pendellosung effect 26 in an artificial nanostructure. For a quantitative comparison of the mesh phase plate electron diffraction patterns at different electron energies, we measured the intensity ratio between the direct beam (I0) and the first-order diffracted beam (I1) (averaged from the four first-order diffracted beams: (100), (1 ̅ 00), (010), (01 ̅ 0)) ( Figure 5a ). It was confirmed that, by changing the electron energy, and hence the phase profile of the mesh phase plate, the intensities of diffracted beams could be modulated. The intensity ratio between the second-order diffracted beam (I2) (averaged from the four second-order diffracted beams: (110), (1 ̅ 10), (11 ̅ 0), (1 ̅ 1 ̅ 0)) and the first-order diffracted beam (I1) was also measured and shown in Figure 5a . Furthermore, the phase profile of the phase plate could be changed by using different material compositions. We fabricated mesh phase plates with an aluminum film instead of a gold film on top of the silicon nitride membrane. The selected-area electron diffraction patterns for various electron energies are shown in Figure S5 . The intensity distribution among diffraction orders of an aluminum-coated mesh phase plate is different from that of a gold-coated mesh phase plate. For instance, the direct beam was never suppressed for all the electron energies tested. The measured electron diffraction beam intensity ratios (I0/I1 and I2/I1) for an aluminum-coated mesh phase plate are shown in Figure 5b .
The measured beam-intensity ratio was verified by theoretical modeling of electron diffraction from the mesh phase plate. The mesh phase plate was modeled as a uniform film with a periodic hole array in it. The mesh was considered as a mixed amplitude and phase plate. When a free electron passes through a thin film, the phase shift (relative to propagation in free space) can be described as 27
where is a constant depending on electron energy, 0 is the material mean inner potential (MIP), is the material thickness, e is the electron charge, is the electron wavelength, is the electron kinetic energy, and E 0 is the electron rest energy. Thus, the phase plate is binary, with 0 phase shift in the holes and phase shift in the membrane structure. Note the phase shift is electronenergy dependent as well as material dependent. For the amplitude modulation, a constant transmission factor was applied to the electron wave passing through the membrane structure. The calculated beam-intensity ratios (I0/I1 and I2/I1) are shown in Figure 5 . For the gold-coated phase plate (Figure 5a ), the best fit between theoretical and experimental diffraction beam-intensity ratios was obtained by setting the MIP-thickness product to 260 V • nm and the amplitude transmission factor to 0.38 (more details can be found in the Methods section). The fitted MIP-thickness product appears smaller than the estimated value assuming 10 nm thickness for both Au and Si3N4, and 21 V MIP for Au 27 and 14~16.7 V MIP for Si3N4 8, 28 . We attribute this discrepancy to the following potential causes: (i) beam-energy-dependent inelastic scattering and high-angle diffraction from the phase plate are not considered in the theoretical model; (ii) the actual material thicknesses are different from the nominal thicknesses; (iii) the material density and composition can vary depending on the fabrication conditions and material thickness (e.g. the Au film was only ~10 nm thick and could be different from the bulk Au, resulting in a lower MIP 29 ); and (iv) the pattern of the fabricated phase plate can be different from the ideal circular hole arrays. Using the same parameters, the calculated beam-intensity ratio between the second-order diffracted beam (I2) and the first-order diffracted beam (I1) is also shown in Figure 5 . In theory, the intensity ratio I2/I1 is a constant. This constant intensity ratio between diffracted beams is a result of the binary phase modulation imposed by the phase plate, and this constant only depends on the phase plate pattern and the diffraction orders, free from any fitting parameters. In experiments, the intensity ratio I2/I1
slightly increases with a decreasing electron energy. This increase could be caused by the fact that electrons with a lower energy are subject to a stronger scattering by the phase plate material, leading to a higher relative intensity of the second-order diffracted beams as they have a larger scattering angle. For the aluminum-coated mesh phase plate (Figure 5b ), the best fit between theoretical and experimental diffraction beam-intensity ratios was obtained by setting the MIPthickness product to 200 V • nm and the amplitude transmission factor to 0.68. Both a lower MIPthickness product and a higher amplitude transmission factor are expected by changing the Au film to the Al film. The fitted MIP-thickness product also appears smaller than the estimated value assuming 10 nm thickness for both Al and Si3N4, and 13.9 V MIP for Al 30 We further performed diffraction experiments using the large-area nanostructured phase plates to produce diffractive images in a scanning electron microscope (SEM) 31 . Figure 6a shows In conclusion, we demonstrated large-area electron phase plates fabricated on an electrontransparent membrane with electron-beam lithography and reactive-ion-etching. We characterized the phase plate with electron diffraction in TEMs as well as diffractive imaging in an SEM. We observed that the phase plates created a null in the center of the bright-field for certain electron energy. The nullification of the direct beam was explained by the coherent interference of diffracted beams. This special beam-shaping capability could potentially be used in a variety of dark-field electron-microscopy techniques to improve the spatial resolution, increase the image contrast, and boost the signal-to-noise ratio. The large-area electron phase plates could also enable electron-wavefront-engineering in an SEM, as shown by the diffractive imaging. Furthermore, our work showed that the functionality of electron phase plates, such as the diffraction efficiency, could be tuned by changing the electron energy. The static nature of electron phase plates usually renders their application inconvenient, as a new phase plate has to be fabricated and swapped into the electron beam path whenever a new functionality is required, or if the desired functionality is 16 compromised by fabrication imperfections. For instance, the diffraction efficiency of electron phase plates was shown to be sensitive to the surface profiles of the membrane nanostructures 9, 19 .
Recently, a programmable phase plate with micro-fabricated electrostatic-elements has been shown to achieve tunable pixelated phase modulation 26 . Here, we demonstrated that tuning the electron phase plates was also achieved by adjusting the electron energy, which could provide an alternative route towards the active tuning of electron phase plates, and the creation of electron phase plates with adjustable functions.
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Methods
Electron diffraction theory. The mesh phase plate was modeled as a uniform film with a periodic circular hole array in it. Thus, the phase plate is binary, with 0 phase shift in the holes and phase shift in the membrane structure. The phase shift is calculated via
The mesh was considered as a mixed amplitude and phase plate. For the amplitude modulation, a constant transmission factor was applied to the electron wave passing through the membrane structure. The electron diffraction pattern was calculated as the Fourier transform of the mesh phase plate. The analytical Fourier coefficients are , = i sin ( π) π sin ( π) π + (1 − i ) π 2 2 2 J 1 (π √ 2 + 2 / )
where integer pair ( , ) denotes the diffraction order, is the amplitude transmission factor, is the hole diameter, is the array pitch, and J 1 is the Bessel function of the first kind with order 1. The diffraction intensity is hence , = | , | 2 . The Fourier transform was also calculated numerically, producing the same results as the analytical analysis. The hole diameter = 28 nm was measured from a typical TEM image of the phase plate by averaging over ~200 nano-holes.
To fit the experimental diffraction data from a gold-coated phase plate, the MIP-thickness product 0 and the amplitude transmission factor were varied, and the best fit was obtained for 0 = 260 V • nm and = 0.38. The fitted MIP-thickness product appears smaller than the estimated 19 value assuming 10 nm thickness for both Au and Si3N4, and 21 V MIP for Au 27 and 14~16.7 V MIP for Si3N4 8, 28 . This discrepancy is attributed to nonidealities in phase plate fabrication and the absence of inelastic scattering and high angle diffraction in the theoretical model. To fit the experimental diffraction data from an aluminum-coated phase plate, the best fit was obtained for 0 = 200 V • nm and = 0.68 (due to the almost linear behavior of the experimental data, similar goodness of fit was also obtained by using a slightly smaller MIP-thickness product and a slightly larger amplitude transmission factor, or using a slightly larger MIP-thickness product and a slightly smaller amplitude transmission factor). Both a lower MIP-thickness product and a higher amplitude transmission factor are expected by changing the Au film to the Al film. The fitted MIPthickness product also appears smaller than the estimated value assuming 10 nm thickness for both Al and Si3N4, and 13.9 V MIP for Al 30 slightly increases with a decreasing electron energy. This increase could be caused by the fact that electrons with a lower energy are subject to a stronger scattering by the phase plate material, 28 leading to a higher relative intensity of the second-order diffracted beams as they have a larger scattering angle. 
